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signal. The system adopts a dual-input PLL stellate coupled
structure or a dual-input PLL butterfly-shaped coupled struc-
ture, and delay of the whole loop 1s made to be an integral
multiple of the reference signal by synchromizing the trans-
mitted reference signal with the received reference signal, so
as to ensure synchromization of local oscillation signal of
cach IC chip. The transmission wire based on an adjustable
left-handed material 1s used as a delay wire to connect the
dual-input PLL, thereby achieving low loss and reducing the
physical distance of the delay wire. The system has the

(Continued)

 Casneet fhe PLL
t o vie 5O obip ot
- op b beced




US 11,705,908 B2

Page 2

advantages of small area, low loss, strong adaptability and

strict synchronization 1n various environments.

4 Claims, 3 Drawing Sheets

(51) Int. CL
HO3L 7/18
HO4L 7/00

HO4L 7/033

(56)

(2006.01
(2006.01
(2006.01

LN R

References Cited

U.S. PATENT DOCUMENTS

10,374,558 Bl
2015/0381707 Al

2017/0054491 Al
2017/0163274 Al
2018/0351563 Al
2019/0319631 Al

LS
3

%

%

8/2019
12/2015

2/201
6/201
12/201

10/201

OO0~ ~]

Kuo ...ooeviiiiiiiinnnn, HO3F 3/195

How ..coovviiiiiinnnn, HO4L 67/10
709/208

Gallagher .............. HO4B 17/18

Cheng Chang et al.

Allott et al.

Buliga ................. HO04B 7/0617

CN
CN
CN
CN
CN

Lk

FOREIGN PATENT DOCUM.
105790760 A 7/2016
107251319 A 10/2017
109375182 A 2/2019
109379102 A 2/2019
110209625 A 9/2019

2013017067 A 1/2013
2013157654 A 8/2013
2015046799 A 3/2015
2015154486 A 8/2015

NS

OTHER PUBLICATTIONS

Agrawal et al. “A scalable 28GHz coupled-PLL 1n 65nm CMOS
with single-wire synchronization for large-scale 5G mm-wave arrays”,
Feb. 25, 2016, pp. 38-40, 2016 IEEE International Solid-State

Circuits Conference (ISSCC).*

First Of

ice Action (2020-558604); dated Nov. 29, 2021.

International Search Report (PCT/CN2020/084002); dated Jul. 8,

2020.

“Key technologies of wideband digital phased array for ocean
survelllance™ ((Oct. 28, 2017) [Yang, Liie et al.].

* cited by examiner



e A _

US 11,705,908 B2

- a - - a2 a2 &2 a2 a2 =
I.rl.rl.rl.rl.rl.r

}

wa,

Sheet 1 of 3

o aa.

A A AL N R

e a

Jul. 18, 2023

e T o

o,

x ¥
¥

U.S. Patent




¢ODId

-

M.mw .wﬂmﬂw ..,MAWM.WMWM m m..._m.. LAVNARN N AV NACVALTINALVA AV AP YA PP G AP PR DV AP TR BT GRS PR DA KB T L PALE S G RP G DN TR P B GB PG K PN AAT N NN N S KRN N N K e S L SR
a + . i) . . . * : .

1O GREY 3 A we
T1d 9110900y

oy Budnay

BHA-BSUS T¥

asa) addn uv
ju digayf 343 wo
T4 ¥4 ponae’y

1434

L AW e e

.........................................................................................................................

B -in el o el wi als ale e

US 11,705,908 B2

3

:

” |

<3 Tr v ks 4 for o)
M. ¢ m ﬂw wmwh» Y w..;m mm.

. S0 £
o inieTeRnd
>IN

ol ol ol R R R LR e e O

{oeag

wa'esves §

Sheet 2 of 3

Jul. 18, 2023

B R U B B R W W B B B R I R e O B B B B R e B B B R RS o I I R R R R, B B
- N

&

Pole s o Sl A WWA A W o o AW W W e e e W W e o e W e e W W e A

. [._T_.m..l T.,_._t _ﬁ..i...f w AP, .v.._ﬁ_.lu_r___&..l R F.T._m. PR AR T A R __:.._T VAP VEA _T.ﬁ. .!__l._T _ﬁ_.lf__&_. - ﬁ.m_l v WA F.#.h. ..l.w_._.#._ltt_..#..ﬁ. L3 ﬁ...l.._r_..w...ﬁ. VWA t.__f.h. _I.T .. .l..t.”.ﬁ.i._.r...v .m::..?ﬁ..l\. W WA .T__ﬁ.i.l_f _ﬁ..”.l*..ﬁ..l._ﬁ.v __n_._l._t_”ﬁ..,l ,\..._T._n.n..l* _ﬁ_...l.._r_..#i.“l.w - AW ﬁ..ﬁ.,\_...?.

3

U.S. Patent



US 11,705,908 B2

Sheet 3 of 3

Jul. 18, 2023

U.S. Patent

FI1G. 3

r;
o

AENEEN ' EAENNEEENSEENEEEESEENNEEEDENE

EEEEEN I EEEEEEEEEEEEEEEESESEEEEEEEEEE
EEEIEN|I I EEEEEESEEEEEEEEEEESEEEEEEEEEN

EEEEENI ' EEEESEEEEEEEEEEEEEEEEEEEEEEEE
EEEIEESNEEEEESEEEEEEEEEEEEEEEEEEEEEN

HERAEEI EENEERNENNNEEENNENEEDENNEENN
ENEEENI EEEEEEEEEEEEEEEEEEEEEEEEEEENE
EESEEEN// EEEEEEEEEEEEEEEEEEEEEEEEEEEE
ENEEEN//INEEEEEEEEEEEEEEEEEEEEEEEEEENE
AN /i EEEEEEEEEEEEEEEEEEEEEEEEEEEE
ENEEEEEREN
EEEEEEEEREN
EEEEEEENEN
EEEEEEENEEN
AN NNNEAEN
ENEEEEEEIEN
Al SESESESESEESEEEEEEEEEEEEEEEEEEEEEN
ENEFEEENEEEEEEEEEEEEEEEEEEEEEEEEEEN
A SES S EEEEEEEEEEEEEEEEEEEEN

EEEANEEREIiSARENENNESENEENNEESEEENEEAE
EEEELVYVEEESEEEEEEEEEEEEEEEEEEEEEEEEEE
EEEESLNSESEEEEEEEEEEEEEEEEEEEEEEEEEE
EEEEEEhL ™ EIEEEEEEEEEEENEEEEEEEEEEEEEDE
AESSESEESES. Y EEEEEEEEEEEEEEEEEEEEEEEEN
EEEEEEESEE "GUEEEEEEEEEEEEEEEEEEEEEEE
AEESEEEEEE NN LN EEEEEEEEEEEEEEEEEEEEEE
EIEIEEEEEEEEANEEEEEEEEEEEEEEEEEEEEN
A EESEEEAVUESEEEEEEEEEEEEEEEEEEN
HEEAENEEINAREN. ' NENERRENEERAEEEEEEEN
EEEEEEENEEEEENI EEEEEEEEEEEEEEEEEEEE
A SN/ EEEEEEEEEEEEEEEEEEENE
EESEEEESEEEEEFJEEEEEEEEEEEEEEEEEEEE
Al EEEEF JEEEEEEEEEEEEEEEEEEEEN
EEEEEEEEEEEP  EEEEEEEEEEEEEEEEEEEEEE
A EENF ./ EEEEEEEEEEEEEEEEEEEEEEN
EEEEEEEEEVFJ/EiSEESEEEEEEEEEEEEEEEEEN
EESEEEEErJ4JiSESESEESEEEEEEEEEEEEEEEEEEEN
EERINEN"  ANARENENNEEES NN EENNEAN
EEEEEF  BIEEEEEEEEEEEEEEEEEEEEEEEEENE
AEEEEN . ESESESEESEEEEEEEEEEEEEEEEEEEEEN
EEEEE YEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
AEEEEEA"EESEESEEEEEEEEEEEEEEEEEEEEEEEE

EEEEEER."EEEEEEEEEEEEEEEEEEEEEEEEEE
EEEEEEEEE. "EEEEEEEEEEEEEEEEEEEEEEEN

HEEENENEENSn "HENRNERENENEEAREENNENN
ENEEEEEEEEEEEE.-. “"NENEEEEEEEEEEEEEEEN
AN IS ESEEEEER.. " U EEEEEEEEEEEEEEN
ENEEEEESEEEEEEEEEEEN . “"NEENEEEEEEEEEN
EEEIEEESEEEEEEEEEEEE E"EEEEEEEEEEN
ENEEEEENEEEEEEEEEEEE HElLTEIEENENEIEN
EEEIEEEEEEEEEEEEEEEE rFL.ANEEEEEENEN
EENEEEEEIEEEEEEEERNE" AIEEIEEEEEEEN
EEEEEEEEEEEEmEET _ SN EEEEEN

BRI cuul NN EAE NN ERN
ENEEELNEFIEEEEEEEEEEEEEEEEEEEEEEEEEN
EEEEEEA "SEEEEEEEEEEEEEEEEEEEEEEEEEEE
ENEEEEEN " "“SEEEEEEEEEEEEEEEEEEEEEN
EESEEESEEEEEEEnm .. ""“EEEEEEEEEEEEEEEEEN
EIEEEEEEINENEEEEE AN " ""NEEEEENEEELD

— =
EEEEEEEEEE NN N NN NN EEEEE.-.- "

________________ ______________._______

=
=

< a
‘Winial|
5

ot
<

(gprueied-S

= W
T8 a8 o

AN AR NN NANENNER AN NANERE
EIEEIEISESEESESESESEEEENEEEEENEEEEDE
A ESEESEESESEEEEEEEEEEEEEEEEEfEEEEEN
EIEEIEISESEESESESESEEEENEEEENI HEEEDE
A ESEESEEESEEEEEEEEEEEEEEEEN! EEEEN
EIEEIEISESEESESESESEEEEEEEEEN HEEEDE
A ESEESEEESEEEEEEEEEEEEEEEENE'|IEEEEN

AN NENENENENNENERNEENNEA RSN ANNEEDE
EEEEIEIEESEEEENEEESSEEEEEEEEEN INENEEE
EEEEESE S EEEEEEEEEEEEEEEFEEEEEE
EIEEISEISESEESESESENEEEEEEEEEFEEEEEDE
AElESES S S ESEESEEEEEEEEEEEEEEEEEENn
EIEEIEISESEESESEESENEEEEEEEENE EEEEEDE
Al ESEEEEEEEEEEEEEEr EEEEEN
EIEEISEISESEESESESESEEEEEEEEN!/ EENEEEN
EIEEIEISESEESEEEEEEEEEEEEENEN//IEEEEEDN
A ESEESEEEEEEEEEEEEEEEEEEE IEEEEEN
EIEEIEISESEESESESESEEEEEENENE IEEEEEDE
A ESEESEESESEEEEEEEEEEEEEEEEAEEEEEN
EIEEISEISESEESESESESEEEEEEEEN EEEEEEDE
A ESEESESESESEEEEEEEEEEEEEEENEEEEEEN

HAIAESNENESAEENNEEEAESSNENNEESERE) EENEEEE
EEEEIEIEEEEEEENEEESSEEEENENN//EDENENEE
EEEEESEEEESEEESEEEEEEEEEEEEEE IEEEEEEE
EIEEIEISESEESESESESEEEEEEEN INEEEEEDE
Al S ESEESEEEEEEEEEEE EEEEEEEN
EIEEIEISESEESESESENEEEEEEEFENENENEEDE
A S S ESEESEEEEEEEEEEY EEEEEEEN

EIEEEEEEEEEESEEEEEEEEEEEEEEFEEEEEEERE
EEEEEEEEEEEEEEEEEEEEEEEEEN  EEEEEEEN

HINENNAEENAEEEEEESENNEREREEEN IDNNEEAEEN
EIEEISEISESEESESESENEEEENENIEEEEEEEDE
A ESEESEEESEEEEEEEEEEEEENFEEEEEEEEEN
EIEEIEESESEESESESENEEEENEF EEEENEEEDE
A ESEESEEEEEEEEEEEEEEEEN//EEEEEEEEN
EIEEIEISESEESESESESNEEEENN INEEEEEEEDE
A ESEESEEESEEEEEEEEEEEEFSEEEEEEEEEN
EIEEESEISEESEEESESESEESEEEEESrSEEEEEEEEEE
EEEEES S EEEEEEEEEEE / EEEEEEEEEE
HENNASERENENSEEANSNNEEREE iENNRNAEENEN
EIEEIEESESEESESESEEEEEEFEEEEEEEEEEDE
A S ESEEEEEEEEEr EEEEEEEEEEN
EIEEIEISESEEEESEEENEEEN IEEEEEEEEEEDE
Al S SESEEEEEEEEFNFAEEEEEEEEEEN

EEEE S S S SN EEEEENE '/ EEEEEEEEEEEN

HEENEANEEENESARSEENNEANISEENREEOADENEN
EIEEESESEEEEESEEEEEEEEF EEEEEEEEEEEEDE
A EEEEEEEEEEEEEEE'/EEEEEEEEEEEEN
EIEEESEEEEEEEEEEEEEEN AEEEEEEEEEEEEDE
AEISESSS S S EEEEEEErEEEEEEEEEEEEEN
EIEEEEEEEEEEEEEEEEEE'/EEEEEEEEEEEEEDE
A ESEESEEESEEEEEEEF AEEEEEEEEEEEEEN
AIEEEEESEEEESESEEEEFEEEEEEEEEEEEEEE
EEESES S EEEEEE ' . EEEEEEEEEEEEEEE
HENNENENENENSEENENVIARAENNEENAEENEN
HEEEEEEEEEEEEEEENEEETF ENEEEEEEEEENEN
EEEEEEEEEEEEEEEEEN'T EEEEEEEEEEEEERN
HEIEEEEEEEEEEEENENFa ENEEEEEEEEENEN
HEIEEEEEEEEEEEEEEErm EEEEEEEEEEEEERN
HEEEEEEEEEEEEEENEN N ENEEEEEEEEENEN
EIEEESEEEEEEEEEEEFENE EEEEEEEEEEEEERN
AIEEEEESEEEEEEEEE/ EEEEEEEEEEEEEEEEEE
AEIESES S SEEN AEEEEEEEEEEEEEEEEEN
HEENESERENEANGEEY ENREEAREEENNENAEENEN
EIEEEEEEEEEENEN /JEEEEEEEEEEEEEEEEEEDE
AEISESSSESESSESESEFESEEEEEEEEEEEEEEEEEEN
EIEEEEEEEEEEER / ANEEEEEEEEEEEEEEEEEDE
A ESEESEESESFAESEEEEEEEEEEEEEEEEEEN

EEEEEEEEEEEEN' . SEEEEEEEEEEEEEEEEEEERE
EEEEEEEEEEEEFAEEEEEEEEEEEEEEEEEEEEN

HENNESERENAEN'. AR NEENEAREEENERENEEENEN
EIEEESESEEEFAEEEEEEEEEEEEEEEEEEEEEDE
AN’ SESEEEEEEEEEEEEEEEEEEEEN
EIEEESEEEEF4ASEEEEEEEEEEEEEEEEEEEEEDE
AN EEEN i ESEEEEEEEEEEEEEEEEEEEEEN
EIEEEEEEN/.EEEEEEEEEEEEEEEEEEEEEEEEDE
Al ENFisEESEEEESEEEEEEEEEEEEEEEEEEN
EIEEEEEN ,EEESEEEEEEEEEEEEEEEEEEEEEEE
AN EN’.ESEEEEEEEEEEEEEEEEEEEEEEEEEN
HEENESEY ANNANSEESENENEEAREEENNENEEENEDN
EEEEEVF4J{EEEEEEEEEEEEEEEEEEEEEEEEEEEDE
EEEEFV JEiSEESESESESEESEEEEESEEEEEEEEEEEEEEEEN
HEEEP EIEEEEEEEEEEEEEEEEEEEEEEEEEEEDE
EEF s EEEEESEEESESEEEEEEEEEEEEEEEEEEEEN

Hl  IIEIEISIESESESESEEEENEEEEEENEEEDN
H . A S ESEEESEEEEEEEEEEEEEEEEEEEEEENm

r
B
H
B
H
B
H

(daplureasg-S

RN D I B

I DR R A R e R D
8.0

I

{

S D R D D |

1

]

yoo b

NN DR B R

2.0

- T S B
o 3 S T - T~
ﬂﬁ%%ﬁﬁﬁw

TR % T % % R

10

6.0

FIG. 4

4.0



US 11,705,908 B2

1

ON-CHIP SYNCHRONOUS SELF-REPAIRING
SYSTEM BASED ON LOW-FREQUENCY
REFERENCE SIGNAL

TECHNICAL FIELD

The present disclosure relates to the field of radar phased
arrays, and more particularly, to a synchronous self-repair-
ing system for the phase of local oscillator signals among
digital transceiver chips on array element tiles in a phased
array.

BACKGROUND

In a large array, how to synchronize each array element 1s
the key technology of a phased array. The use of an array
requires strict synchronization. The phase difference
between each array element of an analog array 1s fixed,
while the phases of various array elements of a digital array
are the same; a large digital phased array is usually com-
posed of multiple array element tiles, and each array element
tile contains several to dozens of digital transceiver chips.
There are two kinds of synchronization requirements in the
system: intra-tile synchronization and inter-tile synchroni-
zation. The change of the environment will lead to the failure
of synchronization during installation, and there i1s a phase
oflset between the LO signals of multiple IC chips 1n the
array tile. Such a static oflset 1s undesirable for a phased
array, and needs to be minimized to achieve the synchroni-
zation 1n the array tile.

In addition, 1t needs to make up the delay to an integer
multiple of the period for a synchronization system. Because
the wavelength of the low-frequency signal 1s too long (for
example, the wavelength of the 10 MHz reference signal 1n
the air 1s 30 meters), and the size of the array element tile 1s
usually much smaller than 1 meter, it 1s unacceptable to use
a low-frequency synchronization system to generate an
equivalent delay wire as long as 30 meters.

SUMMARY

In view of the shortcomings of the prior art, the present
disclosure proposes an on-chip synchronous self-repairing
system coupled with a dual-input PLL based on an adjust-
able left-handed matenal transmission wire. The system 1s
based on a low-Irequency reference signal, and the whole
synchronization system 1s connected mnto a stellate or but-
terfly-shaped structure. The IC chip synchronizes the trans-
mitted reference signal with the received reference signal
through a phase-locked loop. It 1s assumed that each array
clement tile can obtain a reference signal with the same
phase, and on this basis, the local oscillator signal synchro-
nization of each RF transceiver chip 1n the tile 1s guaranteed.

The technical solution adopted by the present disclosure
to achieve the above purpose 1s as follows:

An on-chip synchronous seli-repairing system based on a
low-frequency reference signal, wherein the system adopts
a dual-input PLL stellate coupled structure or a dual-input
PLL buttertly-shaped coupled structure, and PLLs are
coupled with each other via a single wire; the dual-input
PLL stellate coupled structure connects n dual-input PLLs
through chain closure, which mutually transmit one quarter
of local oscillator signals for interlocking to achieve syn-
chronization of the on-chip local oscillator signal; the dual-
input PLL butterfly-shaped coupled structure connects m
dual-input PLLs by lumping, and the local oscillator signals
on each IC chip 1mn a chip are synchronized by a given
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2

reference signal; where n=3 and m=3, and a transmission
wire based on a left-handed material 1s used for intercon-
nection between the dual-input PLLs.

Furthermore, the dual-input PLL stellate coupled struc-
ture has a dual-input PLL module 1n the IC chip, and each
IC chip 1s sequentially interconnected through a common 10
port, and an interconnection phase shift generated by the
transmission wire 1s compensated by a DLL module; the
dual-input PLL stellate coupled structure 1s constructed such
that:

a common 10 port of a dual-input PLL1 1s connected to
a common 10 port of a dual-input PLL2, another common
10 port of the dual-input PLL2 1s connected to a common 10
port of a dual-input PLL3, another common IO port of the
dual-imnput PLL3 1s connected to a common IO port of a
dual-input PLL4, and so on; a common IO port of a
dual-input PLLn-1 1s connected to a common 10 port of a
dual-input PLLn, and another common IO port of the
C
t

ual-input PLLn 1s connected to another common IO port of
ne dual-input PLL1, so as to form a closed loop.

Furthermore, for the dual-input PLL butterfly-shaped
coupled structure, a LO and a PLL module are 1n the IC chip,
and DLL modules are outside the IC chip, and are all
connected together and lumped to transmit the given refer-
ence signal; and each IC chip 1s connected to the lumped
DLL module through a common 10 port; and the dual-input
PLL buttertly-shaped coupled structure 1s constructed such
that:

m DLLs of dual-input PLL1, PLL2 to PLLm are con-
nected together and compensate for a transmission phase
shift through the DLL module, and are lumped to transmit
the given reference signal, and are sequentially connected to
PLL1, PLL2 and PLLm through a common IO port, so that
L.O signals of all IC chip on the chip are synchronized.

Furthermore, the dual-input PLL includes an LC VCO
oscillator, an 1njection locked 2-divider, a 4-divider, a single-

wire coupling block 1 and a single-wire coupling block 2;
phase detectors PD1 and PD2; drivers GM1, GM2, GM3,

GM4, GMS, GM6, GM7 and GMS8; bufiers BUF1, BUF2,
BUF3, BUF4, BUF5 and BUF6 and low-pass filters LPF1,
LPF2 and LPF3, whereimn the phase detector PD1 includes
Mixerl and Mixer2, and the phase detector PD2 includes
mixers Mixer3 and Mixer4;

the dual-input PLL 1s connected in a such a manner that:
the transmission wire connected to an port of the PLL 1s
connected to an mput port of the single-wire coupling block
1; an output port of the single-wire coupling block 1 1s
connected to an input port of the bufler BUF3 and an 1nput
port of the buller BUF4; another input port of the single-wire
coupling block 1 i1s connected to an output port of the buller
BUF1; an output port of the butler BUF3 1s connected to an
input port of the Mixerl; an output port of the butler BUF4
1s connected to an iput port of the mixer Mixer2; an output
port of the mixer Mixerl 1s connected to input ports of the
drivers GM1 and GM7; an output port of the mixer Mixer2
1s connected to mput ports of the drivers GM2 and GMS;
output ports of the drivers GM7 and GMS8 are connected to
a control port of the single-wire coupling block 1 and tan
input port of the low-pass filter LPF3; another input port of
mixer Mixerl and another input port of the mixer Mixer2 are
connected to an output port of the 4-divider, an imnput port of
the buller BUF1 and an input port of the bufler BUF2, and
an input port of the mixer Mixer3 and an input port of the
mixer Mixerd; an input port of the 4-divider 1s connected to
an output port of the injection locked 2-divider; an input port
of the mjection locked 2-divider 1s connected to an output

port of the LC VCO oscillator; an input port of the LC VCO
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oscillator 1s connected to output ports of the drivers GM1,
GM2, GM3 and GM4 and an 1nput port of the low-pass filter

LPF1; another input port of Mixer3 is connected to an output

port of buller BUF5; another input port of the mixer Mixer4

1s connected to an output port of the buller BUF6; an output
port of the mixer Mixer3 1s connected to input ports of the
drivers GM3 and GMS; an output port of the mixer Mixerd4
1s connected to mput ports of the drivers GM4 and GMS6;
input ports of the bullers BUF5 and BUF6 are connected to
an output port of single-wire coupling block 2; output ports
of the drivers GM5 and GM6 are connected to an 1nput port
of the low-pass filter LPF2 and a control port of the
single-wire coupling block 2; an input port of the single-wire
coupling block 2 1s connected to an output port of the buller
BUF2; and another mput port of the single-wire coupling
block 2 1s connected to the transmission wire at another port
of the PLL.

Furthermore, interconnection between the dual-input
PLLs adopts the transmission wire of a lumped unit ladder
network based on a left-handed material, and the network
cascades L.C units the same as an infinitesimal circuit model,
and has a transmission coellicient as illustrated in the
tollowing formula under a lossless condition:

Ble) =

|
wv LC

where C 1s a capacitance value per unit length of the
transmission wire, L 1s an inductance value per unit length
of the transmission wire, and w 1s a signal angular velocity
of the transmission wire.

The present disclosure has the following beneficial
cllects.

According to the on-chip synchronous seli-repairing sys-
tem, strict synchronization of each radio frequency trans-
ceiver chip in the array element tile can be realized under the
influence of any environment, and the system has a small
area, low losses and strong self-adaptabaility.

According to the present disclosure, a transmission wire
based on an adjustable left-handed material 1s adopted as a
delay wire, and because the left-handed transmission wire
can generate an advanced phase, the positive time delay can
be compensated 1n single-tone transmission. In addition, a
capacitor-inductor lumped unit ladder network 1s adopted at
a low frequency, thereby realizing synchronization compen-
sation with only a short transmission wire, with a low loss
and a short physical distance.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a structural schematic diagram of an on-chip
synchronous seli-repairing system 1n an array element tile
based on a low-frequency reference signal; FIG. 1a 15 a
stellate coupled structure of a dual-input PLL, and FIG. 15
1s a butterfly-shaped coupled structure of a dual-input PLL;

FIG. 2 1s a schematic structural diagram of a dual-input
PLL;

FIG. 3 1s an equivalent circuit diagram of an artificial
transmission wire based on a left-handed material;

FI1G. 4 1s a schematic diagram of the simulation results of
the phase of the left-handed transmission wire.

DESCRIPTION OF EMBODIMENTS

The purpose and eflect of the present disclosure will
become clearer by describing the present disclosure 1n detail
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4

according to the attached drawings and pretferred embodi-
ments. It should be understood that the specific embodi-
ments described herein are only used to explain the present
disclosure, and are not used to limit the present disclosure.

An on-chip synchronous self-repairing system based on a
low-frequency reference signal adopts a dual-input PLL
stellate coupled structure or a dual-input PLL butterfly-
shaped coupled structure, and PLLs are coupled with each
other via a single wire; the dual-input PLL stellate coupled
structure connects n dual-input PLLs through chain closure,
which mutually transmit one quarter of local oscillator
signals for interlocking to achieve synchronization of the
on-chip local oscillator signal; the dual-input PLL butterfly-
shaped coupled structure connects m dual-input PLLs by
lumping, and the local oscillator signals on each IC chip 1n
a chip are synchronized by given reference signals; where,
n=3 and m=3, and a transmission wire based on a left-
handed material 1s used for interconnection between the
PLLs.

In this embodiment, there are four dual-input PLLs in the
dual-input PLL stellate coupled structure or the dual-input
PLL butterfly-shaped coupled structure. As shown 1n FIG. 1,
FIG. 1(a) 1s a dual-input PLL stellate coupled structure,
which consists of dual-input PLL1, PLL2, PLL3 and PLLA4,
all of which are 1n their own IC chips, and the port A of the
dual-input PLL1 1s connected to the port B of the dual-input
PLL2. The port A of the dual-input PLL2 1s connected to the
port B of the dual-input PLL3, and the port A of the
dual-input PLL4 1s connected to the port B of the dual-input
PLL1 to form a closed loop, and the wires connected
between PLLs can achieve bidirectional transmission. Each
chip transmits a quarter of the local oscillator signals to
interlock, and the local oscillator signals and the reference
signals are synchronized by the phase-locked loop to ensure
the phase synchrcnizaticn of each IC chip on the chip.

FIG. 1(b) 1s a dual-input PLL butterfly-shaped coupled

structure, which 1s composed of dual-input PLL1, PLL2,
PLL3 and PLL4, in which PLLs and LO modules are all 1n

their respective IC chips, while DLL modules are all outside
the IC chip. The dual-input PLL1 1s connected to the DLL
modules of the dual-input PLL2, PLL3 and PLL4, gives a
reference signal 1s given, and 1s Connected to the correspond-
ing PLL module through a DLL. The transmission wire can
achieve bidirectional transmission.

FIG. 2 1s a schematic diagram of the dual-input PLL used
in the coupled structure. The dual-input PLL consists of a
LC VCO oscillator; an Injection-Locked 2-Divider; a 4-di-
vider D1v4; a Single-wire coupling blockl and a Single-wire
coupling block2; phase detectors PD1 and PD2; drivers

GM1, GM2, GM3, GM4, GMS5, GM6, GM7 and GMS;
buffers BUF1, BUF2, BUF3, BUF4, BUFS5 and BUF6 and
low-pass filters LPF1, LPF2 and LPF3. The phase detector
PD1 1s composed of mixers Mixerl and Mixer2, and the
phase detector PD2 1s composed of mixers Mixer3 and
Mixerd.

The connection mode of the dual-input PLL 1s shown 1n
FIG. 2: the transmission wire at the port A 1s connected to
the port a of the single-wire coupling blockl; the port ¢ of
the single-wire coupling block1 1s connected to the port a of
the buflfer BUF3 and an the port a of the buller BUF4; the
port b of the single-wire coupling block1 1s connected to the
port a of the buller BUF1; the port d of the single-wire
coupling blockl 1s connected to the port b of the driver
GM7, the port b of the dniver GMS8 and the port a of the
low-pass filter LPF3; the port b of the buller BUF3 1is
connected to the port a of the mixer Mixerl; the port b of the
bufler BUF4 1s connected to the port a of the mixer Mixer2;
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the port ¢ of the mixer Mixerl 1s connected to the port a of
the driver GM1 and the port a of the drniver GM7; the port
¢ of the mixer Mixer2 1s connected to the port a of the driver
GM2 and the port a of the driver GMS8; the ports b of the
mixers Mixerl and Mixer2 are connected to the port a of the
4-divider Div4, the ports b of the bufler BUF1 and BUF2,
the ports b of the mixers Mixer3 Mixerd; the port b of the
4-divider D1v4 1s connected to the port a of the Injection-
Locked 2-Divider; the port b of the Injection-Locked 2-Di-
vider 1s connected to port a of the LC VCO oscillator; the
port b of the LC VCO oscillator 1s connected to the port b
of the driver GM1, the port b of the driver GM2, the port b
of the driver GM3, the port b of the driver GM4 and the port
a of the low-pass filter LPF1; the port ¢ of the mixer Mixer3
1s connected to the port a of the driver GM3 and the port a
of the dnver GMS; the port ¢ of the mixer Mixerd is
connected to the port a of the driver GM4 and the port a of
the driver GM6; the port a of the mixer Mixer3 i1s connected
to the port b of the bufler BUFS; the port a of the mixer
Mixer4 1s connected to the port b of the buller BUF6; the
ports a of the bufler BUF5 and bufler BUF6 are connected
to the port ¢ of single-wire coupling block2; the port b of the
single-wire coupling block2 1s connected to the port a of the
butler BUF2; the port a of the single-wire coupling block2
1s connected to the transmission wire at the port B; the port
d of the single-wire coupling block2 1s connected to the port
b of the driver GMS, the port b of the driver GM6 and the
port a of the low-pass filter LPF2.

The working principle of the dual-input PLL described
above 1s that the LO chain 1s composed of LC-VCOs, which
can drive the imjection-locked 2-divider with an adjustable

low power frequency, and then generate signals through the
4-divider Div4 and drive the phase detectors PD1 and PD2

and the output builers BUF1 and BUF2 matched to 50€2.
Two-way coupling 1s achuieved through the output bufler 1n
the dual-input PLL, and the VCO signal and the reference
signal at each common IO port are distinguished at the same
time. By mtroducing an adjustable phase shift larger than 2
between the output driver (BUF1 .- or BUF2.) 1n PLL . and
the input end of phase detector (PD2,_, or PD1,_,) in the
adjacent PLL, the interconnection phase shift can be
adjusted to achieve a low static phase oflset between the
phase detector inputs. Any orthogonal phase 1s selected from
CML frequency divider through output butiers BUF1 and
BUF2 to achieve coarse adjustment on the phase shift by
about 90 degree, and the variable capacitance 1 an 10
coupling module 1s controlled through the DLL module to
achieve variable phase shiit to compensate the phase shiit
generated on the transmission wire connected between
PLLs, thereby achlevmg fine adjustment to ensure the
quadrature phase difference between iput signals of the
phase detectors PD1 and PD2.

FIG. 3 1s an equivalent circuit diagram of a transmission
wire based on AN adjustable left-handed material for con-
nection between PLLs. The interconnection between the
dual-input PLLs adopts the transmission wire of a lumped
unit ladder network based on a left-handed material, and the
network cascades LC units as shown 1n FIG. 3, the immit-
tance value per unit length 1s very small. The network has a
transmission coetlicient as shown 1n the following formula
under lossless conditions

ploy=- wyV LC
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where C 1s a capacitance value per unit length of the
transmission wire, L 1s an inductance value per unit length
of the transmission wire, and m 1s a signal angular velocity
of the transmission wire.

FIG. 4 1s a schematic diagram of the simulation results of
the transmission wire of the left-handed material. Because
the left-handed transmission wire can produce an advanced
phase, 1t can compensate for a positive time delay in
single-tone transmission. At a low frequency, a capacitor-
inductor lumped unit ladder network 1s used, which only
needs short transmission wires to complete synchromization
compensation, so that transmission wire loss 1s low and the
physical distance 1s short. Then, a delay phase-locked loop
1s used to ensure that the reference signal has the same phase
in each RF transceiver chip, thus automatically repairing the
asynchronous phenomenon caused by environmental
changes.

Those skilled 1n the art can understand that the above 1s
only a preferred example of the present disclosure, and 1s not
used to limit the present disclosure. Although the present
disclosure has been described 1n details with reference to the
alorementioned examples, for those skilled in the art, they
can still modity the technical solutions described in the
alforementioned examples, or replace some of the technical
features equivalently. All modifications and equivalent sub-
stitutions within the spirit and principles of the present
disclosure shall be within a protection scope of the present
disclosure.

What 1s claimed 1s:

1. An on-chip synchronous seli-repairing system based on
a low-frequency reference signal for synchronization of
local oscillator signals of multiple integrated circuit (IC)
chips, wherein the system adopts a dual-input Phase-Locked
Loop (PLL) stellate coupled structure, and dual-input PLLs
of the dual-input Phase-Locked Loop (PLL) stellate coupled
structure are coupled with each other via a respective
Delay-Locked Loop (DLL) controlled phase adjustable left-
handed material delay line, and the DLL controls the lett-
handed material delay line to achieve the desired phase or
delay; the dual-input PLL stellate coupled structure connects
n dual-input PLLs with n DLL controlled phase adjustable
left-handed material delay lines through chain closure,
which mutually transmit low-frequency reference signals,
with coherence between the mutually transmitted low-ire-
quency reference signals achieved by the DLL controlled
phase adjustable left-handed matenal delay lines for inter-
locking to achieve synchronization of on-chip local oscilla-
tor signals; wherein the frequency of the low-frequency
reference signal transmitted to each of the n dual-input PPLs
1s Y4 of the frequency of the local oscillator signal of the
connected dual-input PLLs, wherein each DLL sends a low
frequency output signal to another DLL and receives one
low frequency input signal from the same DLL, subse-
quently the DLL controls 1ts phase adjustable left-handed
material delay line to achieve coherence between 1ts input
signal and 1ts output signal; the local oscillator signals of the
multiple IC chips are first synchronized 1n frequency by the
low-frequency reference signal through the dual-input PLL
stellate coupled structure which connects n dual-input PLLs,
and the DLL controlled phase adjustable left-handed mate-
rial delay lines are used to achieve phase synchromization
subsequently; where nz3.

2. The on-chip synchronous selif-repairing system based
on. a low-frequency reference signal according to claim 1,
wherein the dual-input PLL stellate coupled structure has
one of n dual-input PLLs 1n each of the multiple 1C chips,
and each IC chip i1s sequentially interconnected through a
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common Input-Output (I0) port. and an interconnection
phase shift generated by the left-handed material delay line
1s controlled by a Delay-Locked Loop (DLL)-circuit;
wherein the DLL-circuit consists of a voltage-controlled
left-handed material delay line (VCDL), a phase detector
(PD), a charge pump (CP) and a loop filter (LF); and the
dual-input PLL stellate coupled structure 1s constructed such
that:

a common IO port of a first dual-input PLL1 1s connected
to a common IO port of a second dual-input PLL2
through an interconnection phase shiit generated by the
left-handed maternial delay line, another common 10
port of the second dual-input PLLL2 1s connected to a
common IO port of a third dual-input PLL3 through an
interconnection phase shift generated by the left-
handed material delay line, another common 1O port of
the third dual-input PLL3 1s connected to a common 10
port of a fourth dual-input PLLLL4 through an intercon-
nection phase shift generated by the left-handed mate-
rial delay line; a common 1O port of a n-1? dual-input
PLLn-1 is connected to a common IO port of a n™
dual-input PLLn through an interconnection phase shift
generated by the left-handed material delay line, and
another common IO port of the n” dual-input PLLn is
connected to another common IO port of the first
dual-input PLL1 through an interconnection phase shift
generated by the left-handed material delay line, so as
to form a closed loop.

3. The on-chip synchronous self-repairing system based
on a low-frequency reference signal according to claim 2,
wherein a dual-input PLL of the n dual-input PLLs or the m
dual-input PLLs comprises an LC Voltage Controlled Oscil-
lator (VCO), an imjection locked 2-divider, a 4-divider, a
single-wire coupling block 1 and a single-wire coupling
block 2; phase detectors PD1 and PD2;

drivers GM1, GM2, GM3, GM4, GMS, GM6, GM7 and
GMS; bu: Ters BUF1, BUF2, BUF3, BUF4, BUFS and

B JF6 and low-pass ﬁlters LPF1, LPF2 and LPF3,
wherein the phase detector PD1 comprises mixers

Mixerl and Mixer2, and the phase detector PD2 com-

prises mixers Mixer3 and Mixer4;
the dual-input PLL 1s connected 1n Such a manner that: the

DLL controlled phase adjustable left-handed material

delay line connected to port of the PLL 1s connected to

an 1nput port of the single-wire coupling block 1; an
output port of the single-wire coupling block 1 1is
connected to an 111put port of the bufler BUF3 and an
mput port of the builler BUF4; another input port of the
single-wire coupling block 1 1s connected to an output
port of the buller BUF1; an output port of the bufler

BUF3 1s connected to an iput port of the Mixerl; an

output port of the butler BUF4 1s connected to an input

port of the mixer Mixer2; an output port of the mixer

Mixerl 1s connected to input ports of the drivers GM1
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and GM7; an output port of the mixer Mixer2 1s
connected to mput ports of the drivers GM2 and GMS;
output ports of the dnivers GM7 and GMS8 are con-
nected to a control port of the single-wire coupling
block 1 and an input port of the low-pass filter LPF3;

another mput port of mixer Mixerl and another 1mput
port of the mixer Mixer2 are connected to an output
port of the 4-divider, an input port of the buller BUF1
and an mput port of the butler BUF2, and an 1nput port
of the mixer Mixer3 and an mnput port of the mixer
Mixerd; an input port of the 4-divider 1s connected to
an output port of the imjection locked 2-divider;

an mput port of the injection locked 2-divider 1s con-

nected to an output port of the LC VCO oscillator; an
input port of the LC VCO oscillator 1s connected to
output ports of the dnvers GM1, GM2, GM3 and GM4
and an iput port of the low-pass filter LPF1;

another 1nput port of Mixer3 1s connected to an output

port of bufler BUFS; another input port of the mixer
Mixerd 1s connected to an output port of the bufler
BUF6; an output port of the mixer Mixer3 1s connected
to mput ports of the drivers GM3 and GMS5; an output
port of the mixer Mixerd 1s connected to input ports of
the drivers GM4 and GM6; mput ports of the bullers
BUFS and BUF6 are connected to an output port of
single-wire coupling block 2; output ports of the drivers
GMS and GM6 are connected to an input port of the
low-pass filter LPF2 and a control port of the single-
wire coupling block 2; an mput port of the single-wire
coupling block 2 1s connected to an output port of the
bufler BUF2; and another mput port of the single-wire
coupling block 2 i1s connected to the transmission wire
at another port of the PLL.

4. The on-chip synchronous seli-repairing system based
on a low-frequency reference signal according to claim 2,
wherein the interconnection between the dual-input PLLs
based on the DLL controlled phase adjustable left-handed
material delay lines adopts the transmission wire of a
lumped unit ladder network based on a lefthanded material
, and the network cascades L.C units the same as an infini-
testmal circuit model and has a transmission coeflicient as
illustrated 1n the following formula under a lossless condi-
tion:

1
ﬁ(w)——wm

where C 1s a capacitance value per unit length of the
transmission wire, L 1s an inductance value per umt
length of the transmission wire, and o 1s a signal
angular velocity of the transmission wire.
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